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ABSTRACT
A modified 9Cr-1Mo steel (P91) pipe failure in a feedwater line in a chemical plant was investigated. The failure occurred in the vicinity of an elbow produced with socket welds of the pipe to the elbow. Based on metallography and hardness measurements, it was concluded that failure occurred because of an improper post-weld heat treatment of the socket weldment.
INTRODUCTION
A modified 9Cr-1Mo feedwater (condensate) line at an Eastman Chemical Company plant failed in January 2005. The line was in continuous service since start-up December 2001 until failure. The Plant Superintendent estimated there were three thermal cycles since start-up, although there may have been as many as 25 thermal cycles during commissioning. Normal operating temperature was 325ºF (163ºC) and pressure was 1762 psig. The line was steam traced with the tracing activated only when ambient outdoor temperature dropped to 40°F (5ºC).
Failure Description
One-half of an elbow (cut along the axis) connecting the 1.5-inch modified 9Cr-1Mo steel pipe (P91) in the feedwater line was received from Eastman Chemical Company. Along with the elbow, a piece of the 1.5-inch pipe from the leg that failed during operation and a piece of the failed pipe that contained the fracture surface were also received.
Failure of the 1.5-inch pipe occurred near one of two socket welds that connected the pipe to the elbow in the steam system, which operated at 1762 psig and 325ºF (163ºC). Since failure occurred in the vicinity of one of the welds, it was assumed that failure was associated with the welding and subsequent post-weld heat treatment (PWHT). Therefore, metallographic examination was carried out (1) on base metal in the 1.5-inch pipe in the unfailed leg of the elbow, (2) on weld metal and base metal of the weld on the leg containing the failure, and (3) on the failure and surrounding base metal. Figure 1 shows the elbow, pipe, and failure after samples for metallography were cut out (no sample was taken from the extra piece of pipe). 
Metallography and Hardness

Base Metal of Unfailed Leg
The microstructure of the tube wall in the unfailed leg of the elbow was indicative of tempered martensite with a relatively fine prior-austenite grain size estimated at ASTM No. 9.5-10, which means the average grain diameter was 10-15 μm (Fig. 2) . Microhardness was 229 HV. Such grain size and hardness values are typical of normalized-and-tempered modified 9Cr-1Mo steel austenitized at ≈1040ºC and tempered at 760-780ºC, which are typical heat-treatment conditions for modified 9Cr-1Mo steel. 
Weld and Surrounding Base Metal
Figure 3 is a low-magnification photomicrograph of the socket weld and surrounding base metal. The heat-affected zone (HAZ) between the weld metal and pipe base metal can be seen in the figure. The microstructures of the weld metal and elbow base metal were martensite, both of which had variable prior-austenite grain sizes (Fig. 4) , with an average grain size much larger than that of the base metal in the unfailed leg (Fig. 2) .
A significant difference in prior-austenite grain size was observed between the martensitic base metal of the pipe inside the elbow at the greatest distance from the weld (lower left side of Fig. 3 ) and the base metal just outside the elbow near the weld (lower right side of Fig. 3 ). The prior-austenite grain size for the pipe outside the elbow was significantly larger (Fig.5) . The small prior-austenite grain size (ASTM No. 9-9.5) at the end of the pipe inside the elbow [ Fig. 5(a) ] approached that of the tube in the unfailed leg (Fig. 2) . An interesting observation is that there was a variation in prior-austenite grain size of the pipe base metal inside the elbow near the weld. This grain-size change is visible in Fig. 3 , but it is more easily delineated at higher magnification in Fig. 6 . The grain size of the prior austenite decreased continuously with distance from the HAZ. At some distance from the HAZ as the end of the pipe is approached (lower left of Fig. 3) , the grain size decreased to a size approaching that of the pipe in the unfailed leg. From this observation, it was concluded that this base metal was heated above A 3 , the equilibrium temperature at which all of the ferrite transforms to austenite on heating.
* This heating most likely occurred during the PWHT, since the extent of the HAZ-the extent of any change in the optical microstructure of the base metal caused by welding alone-can be easily delineated, and this region made up a much smaller area.
Vickers microhardness profiles were determined by making measurements across part of the weld and through the HAZ toward the pipe wall (vertical direction in Fig. 3) , as well as across part of the weld and through the HAZ along the pipe wall (horizontal in Fig. 3 ). These profiles were typical of a ferritic/martensitic steel weldment, displaying a soft zone in the HAZ (Fig. 7) . The difference in base metal hardness in the two profiles indicates a possible hardness gradient across the pipe wall, since the hardness traverse along the pipe wall was closer to the pipe OD than the pipe base-metal hardness measured in the vertical traverse. There was quite good agreement of the hardness in the softer zone of the HAZ for the two profiles (Fig. 7) . Note the high hardness of the base metal in the two profiles (over 440 HV). The average base metal hardness at the end of the pipe inside the elbow (lower left side of Fig.  3 ) was 459 HV. The average weld metal hardness was 440 HV, and the average hardness of the elbow material was 443 HV. All these hardness values are indicative of untempered martensite. 1 For comparison, the hardness of the base metal of the pipe in the unfailed leg was 229 HV, a value typical of a normalized-and-tempered modified 9Cr-1Mo steel.
1,2 * It appears that the pipe was heated and held above the transformation temperature long enough to approach equilibrium. Therefore A 3 is used in this discussion instead of A C3 , which depends on the heating rate. 
Pipe Failure and Surrounding Base Metal
Examination of the cross section of the failure indicated that the fracture occurred with little ductility and may have propagated along prior-austenite grain boundaries-at least in some areas (Fig. 8) . On the ID near the fracture, there were indications that small cracks had formed beneath the oxide surface and penetrated a short distance into the pipe (Fig. 9) . Some of these cracks contained oxide. The oxide on the ID [ Fig. 10(a) ] near the fracture was about four-times thicker than on the OD [ Fig. 10(b) ], about 0.04-inch and 0.01-inch thick, respectively.
The oxide thickness near the fracture was considerably larger than that on the base metal of the unfailed pipe (Fig. 11) , suggesting that the failed area had experienced a significantly higher temperature. In addition to the difference in oxide thicknesses on the base metal of the two legs that is evident by comparison of Figs. 10 and 11 , the large difference in prior-austenite grain size is also obvious from this comparison. An ASTM grain size number of 3.5-4.5 was estimated for the base metal near the fracture, which would mean an average grain diameter of around 100 μm. This compares to an average grain diameter of 10-15 μm for the base metal in the unfailed leg.
Average hardness of the base metal near the fracture surface was about 460 HV. This was again much harder than the base metal in the pipe of the unfailed leg (229 HV), and it is indicative of untempered martensite. 
DISCUSSION
The metallographic observations and hardness measurements lead to the conclusion that the PWHT applied to the weld on the leg that contained the failure reached temperatures that far exceeded the recommended PWHT temperature of 760ºC. The much thicker oxide on the pipe in the leg containing the failure versus that on the unfailed leg is further evidence that the failed leg was heated to a high temperature. Indications are that not only was the PWHT temperature above the normal recommended temperature, it is concluded that it was also above the A 3 temperature-probably well above it.
The hardness values measured for the pipe near the fracture and in the vicinity of the weld, the weld metal, the elbow adjacent to the weld, and the pipe adjacent to the weld inside the elbow were all > 400 HV, which is the expected hardness of untempered martensite in modified 9Cr-1Mo steel.
1 This conclusion is corroborated by comparing it to the hardness of 229 HV for the pipe in the other leg of the elbow, which is the magnitude of hardness typically found in normalized-and-tempered modified 9Cr-1Mo steel using recommended heat treatment practices. 1, 2 Because the prior-austenite grain size can only be changed by austenitization and untempered martensite will form when the austenite is cooled, it is concluded that overheating occurred during the PWHT of the elbow weld. This was the only occasion that this joint could have been heated to such a high temperature, given the low operating temperature of the system.
The variation of the prior-austenite grain size in the pipe inside the elbow (Fig. 6) can be explained by the fact that the PWHT would have been done by applying heat at the OD. Therefore, not all of the pipe inside the elbow would experience the same temperature as the pipe OD and the pipe outside of the elbow, since the objective was to PWHT the weld metal and the base metal adjacent to the weld. Although the hardnesses indicate that the temperature of the entire pipe inside the elbow exceeded A 3 , the part farthest from the heat source with the finer grain size was not heated to a sufficiently high temperature to grow excessively large grains as was possible in the region immediately adjacent to the weld, which was heated to a much higher temperature. An A 3 temperature of 885-910ºC is expected, depending on the composition.
1,2 Figure 12 shows a plot of prior-austenite grain size vs. the Holloman-Jaffe (H-J) parameter for different austenitizing times and temperatures. If the estimated grain size of the base metal near the fracture is correct (≈100 μm), then the temperature during the PWHT exceeded 1100ºC and may have approached 1200ºC. The estimated grain size for the base metal in the pipe of the unfailed leg agrees with that for the typical austenitization temperature of about 1 h at 1040ºC.
No attempt was made to determine the type of failure that occurred, since the problem appears to involve an improper heat treatment. However, two comments are offered on the subject. First, given the temperature of the pipe during operation, it was not a creep failure. A second observation is that because of the high hardness and large prior-austenite grain size, the ductile-brittle transition temperature of this material could be well above room temperature, which could play a role in the failure. 
